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ABSTRACT

External vibrations are known to be one of the promising ways to control the behavior of multiphase systems. The
computational modeling of the behavior of a gas bubble in a viscous liquid in a horizontal cylinder of square
cross-section, which undergoes linearly polarized translational oscillations in weightless conditions, has been car-
ried out. Under vibrations, the bubble moves towards the wall of the vessel with acceleration determined by the
amplitudes and frequency of vibrations. Near the wall, at a distance of the order of the thickness of the viscous
Stokes boundary layer, the effects of viscosity become more important and, as a result, the bubble is repelled from
the wall. After some oscillations, equilibrium conditions are attained where the attractive force balances the repul-
sive force; accordingly, the average position of the bubble ceases to change. The numerical modelling shows that
the average behaviors of a deformable bubble near a wall under normal and tangential vibration are similar.
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Nomenclature

Marker function

Surface tension coefficient
Dimensionless vibration amplitude
Angular frequency of vibration
Cavity length

Half-thickness of the transition layer
Density

Viscosity

Bubble Radius

Reynolds number

Froude number

Weber number

Viscous stress tensor
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p Pressure

v Unit vector

v Velocity

n Interface normal vector
01 Liquid density

02 Vapor density

For Volume force

p (o) Density field

n (o) Viscosity field

H (¢) Heaviside function
o () Dirac delta function
k (o) Interface curvature

1 Introduction

Multiphase systems are widespread in nature and technology. For instance, during the crystal
growth process, bubbles may form in a melt caused by gas emission, which dramatically affects the
structure of the crystal [1-3]. In selective laser melting applications, gas bubbles that can appear when
metallic powder melts [4] should be moved close to the melt-free surface to increase the coalescence rate.
In these examples, the bubbles change the structure of the final product, resulting in rejects. On the other
hand, in many processes, bubbles are intentionally generated. For example, in flotation, bubbles are used to
collect target components at the liquid-gas interface [5—8]. Thus, it is important to understand and manage
the dynamics of such systems. One of the ways to control the behavior of multiphase systems is the impact
of external vibration. The possibilities for the intensification of the flotation efficiency by ultrasound
vibrations is discussed in [9,10]. Vibrations are known to cause unusual behavior of mechanical systems
[11-14], and can be used to impose required motion, stabilization or shape change [15—18].

This work deals with the investigation of the dynamics of a gas bubble in a viscous liquid in a vessel
performing linearly polarized translational vibrations. The behavior of a solid in a liquid undergoing high-
frequency translational vibrations was considered using the inviscid approach in [19-21]. The study
showed that an average vibration force acts on a solid from the vibrating liquid, as a result of which the
solid is attracted to the closest wall. This force decreases rapidly with increasing distance from the solid
to the wall. Both in the case when the wall vibrates parallel to itself, and in the case when the wall
vibrates perpendicular to itself, the force of interaction between the inclusion and the wall in an inviscid
fluid is an attractive force.

The influence of periodical external forcing on submerged solid bodies has been experimentally studied
by many authors. The dynamics of a solid body in a liquid under high-frequency rotational vibration was
studied in [22]. The behavior of a heavy cylinder in a horizontal cylindrical cavity at modulated rotation
is considered in [23]. Lift force acting on a heavy solid in a rotating cavity under conditions of time-
dependent rotation rate is experimentally investigated in [24]. The dynamics of a solid of nearly neutral
buoyancy in a cavity subjected to rotational vibrations is studied in [25]. An analytical model for the
periodic motion of a small particle in a viscous fluid was developed in [26] in Stokes flow approximation,
taking into account virtual mass, Stokes drag, and introducing history forces. Later, the analysis was
confirmed experimentally in [27].

In [28], resonance oscillations of a drop (bubble) subjected to small amplitude vibrations in zero gravity
conditions within a container filled with a fluid of varying densities are examined. The resonance frequency
shift caused by viscosity is determined. It is shown that the resonant oscillation is possible if the frequency of
the forced vibrations coincides with the sum of eigen-oscillations frequencies. Oscillations of a clamped
liquid drop surrounded by an incompressible fluid of a different density are studied in [29]. It is shown
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that the fundamental frequency of free oscillations can vanish in a certain interval of values of the Hocking
parameter. The length of this interval depends on the aspect ratio of the drop.

The existence of the attraction force for a particle vibrating parallel to the closest wall was
experimentally studied in [30]. The velocity of a steel ball hung in a liquid by a thin wire has been
measured experimentally to confirm the strength of this attractive force. High-frequency experiments
revealed that the average particle location shifts towards the same wall when the particle is brought close
to it. This shift is dependent on the liquid and particle densities as well as on the vibration parameters.

Experimental and numerical investigation of the interaction of two solid particles in an oscillating
viscous liquid was carried out in [31,32]. It has been demonstrated that the viscosity’s braking effect
increases to such an extent at distances below a threshold value that the interaction force reverses sign,
exhibiting repulsion as opposed to attraction. It is observed that this critical distance grows with rising
viscosity and/or decreasing frequency. Recently, in [33], a numerical analysis of two spheres in a viscous
fluid-filled oscillating box was carried out. The simulation demonstrates that the particles oscillate over
extended trajectories that are both parallel and perpendicular to the oscillating flow. The influence of a
magnetic field on two solid particles is considered in [34].

In [35], the effect of viscosity on a gas bubble’s mobility in close proximity to a wall was examined. It
was discovered that in high-viscosity liquids, a bubble’s attraction to the closest wall is replaced by repulsion.
The explanation for the bubble’s repulsion from the wall was a drop in flow intensity brought on by the
viscosity between the bubble and the wall. This behavior was investigated experimentally in [36—38]. The
study examined the relationship between a solid spherical particle strung on a wire and the wall of a
rectangular cell that was filled with liquid and exposed to varying frequencies and amplitudes of
horizontal vibrations. To investigate the attracting or repelling force produced in the normal direction, the
fluid’s viscosity was changed.

The purpose of the current work is to numerically study the dynamics of a gas bubble in a square-shaped
cavity filled with a viscous incompressible liquid under linearly polarized translational vibrations of finite
amplitude and frequency.

2 Problem Statement

Let us consider the behavior of a cylindrical gas bubble in a viscous liquid filling a long horizontal
cylinder with a square cross-section under conditions of weightlessness. A vessel with liquid undergoes
linearly polarized translational vibrations of finite amplitude and frequency. The geometry of the problem
is presented in Fig. 1. Note, that the origin of the axis corresponds to x0 and yO0, i.e., the center of the
cavity. The problem is considered in a two-dimensional formulation that substantially reduces computation
costs of the modelling under the high frequency vibration while allows to capture relevant phenomena.
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Figure 1: Problem geometry
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Ansys Fluent, the industry-leading fluid simulation software [39], was used for the modelling.
Calculations were carried out for long horizontal cylinders of square cross-section in a two-dimensional
formulation. In the reference frame of oscillating container, the system of equations is:

Ne . S "
Ps <6_‘; + Vs - vVS) - _vps + WSAVS + psawzex cos wt? (1)
divvg =0, ()

where s = 1, 2 denotes the fluids, V is the velocity, p; is the pressure, p, is the density, 7, is the dynamic
viscosity. The conditions for normal and tangential stress balance, velocity continuity and kinematic
condition are imposed at the interface:

(P2 —p1)ii = (0_'(2) —6(1)) -1+ andivi 3)
Vl = _'2 (4)
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Here « is the surface tension coefficient, 7 is the unit vector normal to the interface and directed into gas;
and ¢° = o = 1, (an’ / Ox + OV i / 8x,~) is the viscous stress tensor.

In this work, the Volume of Fluid method [40,41] was used which is based on tracking the volume of
each phase in computational cells close to the boundary of the media. Using this method, one can simulate
the behavior of a system of two or more immiscible liquids. To determine the shape of the interface, a
geometric reconstruction scheme (“The Geometric Reconstruction Scheme”) is used.

According to the Volume of Fluid method, the volume fraction of a phase, 1/, that is constant inside a
phase and changes at the interface is introduced. The density was used as a marker function in [42,43], and a
distance function was firstly implemented in [43,44]. The values of density and viscosity are determined from
the distance function using the expressions:

p(@) = pa+ (P2 — p1)H(9), (6)

n(e) =, + (ny —m)H (o). (7
Here H (p) is continuous Heaviside function that reads:
07 @ < -,
1 1 . /m
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where ¢ is half-thickness of the transition layer.

The following continuity equation was solved for the volume fraction of the phases to track the interface
between the phases:

Ny
a—tz—i—Vz'Vl,Dz:O (9)

The volume fraction of the primary phase can be found by:

Y+, =1 (10)
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Tracing the interface between phases is accomplished by solving the continuity equation for the volume
fraction of one (or more) phases. Volume force is written as:

—
Fyy = —ok(9)d(¢) Ve, (11)
where ¢ is the marker function, Jd(¢) is the Dirac delta function, a is the surface tension coefficient,
Vo . .
k(o) = divii, i = |V—(p| is the curvature of the interface.
@

The numerical modelling was performed for parameters of experimental work [45]. At walls of the
cavity, a sticking condition is imposed. Initially the bubble is located near the center of the cavity with a
shift along X of 0.1 mm from the center, the velocities of the liquid and the bubble are equal to zero. The
distance between the center of mass of the bubble and the walls: lower and upper: 1.5 mm, right:
1.4 mm, left: 1.6 mm. The displacement of the bubble is necessary to ensure that the bubble will always
move towards the same wall (the nearest one). If one place the bubble in the center, it will be attracted to
either the right or left wall depending on initial disturbance.

Calculations were carried out at fixed values of the following parameters:

* Square area with sides 3 mm.

« Bubble radius, Ry, is 0.75 mm.

« Densities of liquid and gas in the bubble: 44.4 and 18.4 kg/m>, respectively.

« Dynamic viscosity of liquid is 4.75 ® kg/(m s), gas in a bubble is 1.97 ¢ kg/(m s).

The ratio of the bubble diameter to the side of the area is 1/2. It was chosen in accordance to the
experiment [45]. The frequency and amplitude of vibrations varied. Most calculations were carried out for
a time interval of 5 s. Modelling of a high frequency vibration effect requires limits time step of
numerical iteration because it has to be much less that the period of vibration. For all calculations, a time
step of 2-10~* was used that is less than 1/100 of vibration period for considered frequencies.
Nevertheless, additional calculations were also carried for time step 10~ for verification. The results are
identical.

The spatial discretization is performed using the third-order MUSCL scheme (Monotone Upstream-

Centered Schemes for Conservation Laws). The grid is rectangular and consists of 10* elements. This
grid is optimal for calculations, see results of mesh convergence analysis presented in Table 1.

Table 1: Dependence of time when the bubble reaches the boundary on the computational mesh size for
parameters of Fig. 2

N 103 5.10° 10% 5.10% 103
t,s 1.512 1.488 1.471 1.469 1.468

3 Calculation Results

3.1 Average Vibration Force

The average vibration force acting on a rigid cylinder suspended in a vibrating liquid of different density
was calculated analytically in [20,21] for the case of viscosity neglection. This force per unit length of the
cylinder is:

_ b’ piR(py — po)’ <£>3
2 (py +p2)° h

(12)
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where the dimensionless distance between the wall and the cylinder is expressed as //l. The force is caused by
the fact that the growth of the pulsating flow velocity between the wall and the cylinder results in a decrease
in pressure there, which causes the attraction of the cylinder to the wall (Bernoulli effect). In [32,35], it was
found that at small distance from a wall, comparable to the thickness of viscous boundary layer, the force
changes sign and the inclusion starts to repel from the wall. The origin of this phenomenon is in the
suppression of the flow near the wall by viscosity [32,35].

As shown in [21], the inclusion suspended in low viscous fluid is attracted to the wall both in the cases of
normal and tangential vibrations. Our numerical modelling performed for the vibration tangential to the wall
confirms that average motions of deformable bubble near the wall under normal and tangential vibration are
similar. The bubble moves towards the wall with nearly the same acceleration (see Fig. 2, where the evolution
of the distance between the bubble with radius 0.2 mm and the wall is shown for both cases).
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Figure 2: Comparison of the dependences of distance from the bubble to the wall on time for different
directions of vibrations at = 38.5 Hz, @ = 0.1 mm, R, = 0.2 mm

3.2 Dynamics of Bubble under Vibrations Normal to the Boundary

Let us first consider the dynamics of a gas bubble in a liquid with a viscosity comparable to water
(kinematic viscosity: 1.07 x 107® m®/s), in a vessel with solid walls, which is subjected to linearly
polarized translational vibrations with an amplitude of 0.2 mm and frequency 20 Hz. Fig. 3 shows the
dependence of the coordinates of the center of mass on time. As can be seen, under the influence of
vibrations the bubble performs forced oscillations with a frequency equal to the vibration frequency. An
accelerated average movement of the bubble towards the nearest wall of the vessel is also observed. This
movement is associated with the action of an average vibrational force acting on the bubble from the
vibrating liquid.

In a time of about 1.5 s, the bubble reaches the wall, then, for about 0.5 s, it performs damped oscillations
around a certain position near the wall. Subsequently, the average position of the bubble does not change; it
performs only forced oscillations at this distance from the wall.

Fig. 4 shows data on the movement and change in the instantaneous shape of a bubble over two periods
of forced oscillations for a bubble located near the wall (the period is 0.05 s). In Figs. 3 and 4, the red dots
indicate where the bubble frames were taken from.

3.3 Effect of Vibration Frequency on Bubble Dynamics

Let us discuss the influence of vibration frequency on the dynamics of a bubble. To study the vibration
frequency influence, the calculations were carried out at fixed vibration amplitude equal to 0.2 mm for several
vibration frequency values: 15, 20, 38.5, 45 Hz. Fig. 5 shows the coordinates of the center of mass vs. time
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for different frequencies. As can be seen, under the influence of vibrations the bubble moves on average to
the wall of the container with an acceleration determined by the frequency of vibrations. This movement is
associated with the action of an average vibration force, which, as can be seen from the formula (6), is
proportional to the squared frequency of vibration, therefore, the higher the frequency, the faster the
bubble reaches the wall. When approaching the wall, the bubble performs forced oscillations near the
wall at a small distance from the wall.
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Figure 3: Temporal evolution of the bubble center mass at amplitude 0.2 mm and frequency 20 Hz
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Figure 4: Evolution of the instantaneous position and shape of the bubble with time ((A): 3.60 s, (B): 3.62 s,
(C): 3.64 s, (D): 3.66 s, (E): 3.68 s, (F): 3,70 s) and the dependence of the bubble center mass coordinate on
time

Near the wall, at a distance of the order of the thickness of the viscous boundary layer, the decelerating
effect of viscosity starts to work. As a result, after some oscillations, the average location of the bubble ceases
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to change; the bubble makes only forced oscillations around the position determined by the balance of the
attractive and repulsive forces. The thickness of the viscous Stokes layer becomes smaller with increasing
vibration frequency, therefore the quasi-equilibrium distance at which forced oscillations of the bubble
occur near the wall decreases with increasing vibration frequency (see Fig. 6). As can be seen from the
graph, the average distance between the bubble centroid and the wall progressively decreases with the
increase of frequency.

0.0008 -
0.0006
0.0004

0.0002

Coordinate of the center of mass, m

1

Time, s

Figure 5: Dependences of the coordinates of the center of mass of the bubble on time for the vibration
amplitude 0.2 mm and different vibration frequencies (violet: 45 Hz, blue: 38.5 Hz, green: 20 Hz, red: 15 Hz)

m

- 0.00084
0.00082;
0.00080
0.00078
0.00076

0.00074

Average distance to the wall

0.00072¢

10 15 20 25 30 35 40 45
Frequency, Hz

Figure 6: Dependence of the quasi-equilibrium (average) distance between the center of mass of the bubble
and the wall on the vibration frequency at a fixed vibration amplitude equal to 0.2 mm

Fig. 7 shows the instantaneous shapes of the bubble at various time moments under vibrations with
frequencies of 15 and 45 Hz. It can be seen that at a higher frequency the bubble reaches the wall faster
and its shape changes more strongly. Fig. 8 shows the dependences of the coordinate of the center of
mass on time for frequencies 15 and 45 Hz. One can see that the bubble performs forced oscillations with
the imposed vibration frequency; the average distance from the wall is smaller for higher frequency.

3.4 Effect of Vibration Amplitude on Bubble Dynamics

Let us consider the influence of the vibration amplitude on the dynamics of the bubble. To study the
effect of vibration amplitude, the computations were conducted at a fixed vibration frequency 38.5 Hz for
several vibration amplitude values: 0.10, 0.15, 0.20 mm.

Fig. 9 shows the dependences of the coordinates of the center of mass on time for different vibration
amplitudes. It can be seen that the greater the amplitude, the faster the bubble gets to the wall, this
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corresponds to the formula (6) for the average vibration force, from which it follows that the average
vibration force is proportional to the squared vibration amplitude. The quasi-equilibrium distance at
which the bubble performs forced vibrations in the vicinity of the wall at the last stage decreases with
increasing vibration amplitude (see Fig. 10). As can be seen from the graph, the average distance from
the center of mass of the bubble to the wall progressively decreases with the increase of amplitude.

Figure 7: Comparison of instantaneous bubble shapes at different time moments for the vibration
frequencies 15 Hz (A1-F1) and 45 Hz (A2-F2): A1, A2-0 s, B1, B2-1 s, C1, C2-2 s, D1, D2-3 s, El,
E2-4 s, F1,F2-5s
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Figure 8: Comparison of the dependences of the coordinate of the center of mass on time for a bubble under
vibrations with frequencies 15 and 45 Hz (red: 15 Hz, purple: 45 Hz)

Coordinate of the center of mass, m

P S ST S (U

o 1 2 3 4 s

Time, s

Figure 9: Dependences of the coordinates of the center of mass on time at frequency 38.5 Hz and various
vibration amplitudes (blue: 0.20 mm, green: 0.15 mm, red: 0.10 mm)
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Figure 10: Dependence of the quasi-equilibrium (average) distance between the center of mass of the
bubble and the wall on the vibration amplitude at a fixed vibration frequency equal to 38.5 Hz

Fig. 11 presents the instantaneous shapes of the bubble at various time moments under vibrations with
frequency 45 Hz and amplitudes 0.10 and 0.20 mm. As can be seen, at larger amplitude the bubble is more
deformed and reaches the wall faster. Fig. 12 shows a comparison of the dependences of the coordinate of the
center of mass on time over 4 periods of vibrations for amplitudes 0.10 and 0.20 mm. You can see that the
bubble performs forced oscillations with the imposed vibration frequency. The average distance from the
wall is smaller for larger amplitude.

Figure 11: Instantaneous bubble shapes at different times for amplitudes 0.1 mm (A1-F1) and 0.2 mm (A2—
F2): Al, A2-0s, B1, B2-1 s, C1, C2-2 s, D1, D2-3 s, E1, D24 5, F1, F2-5 s
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Figure 12: Comparison of the dependences of the coordinate of the center of mass on time at the vibration
frequency 45 Hz and different vibration amplitudes (red: 0.1 mm, blue: 0.2 mm)
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4 Conclusion

Numerical modeling of the behavior of a gas bubble in a viscous liquid in a horizontal cylinder of square
cross-section, undergoing linearly polarized translational vibrations under weightless conditions, was carried
out. The calculations have shown that, under the influence of an average force of vibrational attraction to the
nearest wall, for all considered parameter values, the bubble demonstrates acceleratory average displacement
from the center of the container to the wall. Upon reaching the wall, after several oscillations, the average
position of the bubble ceases to change and then, it performs only forced oscillations with a frequency
equal to the vibration frequency, around a certain quasi-equilibrium average position, depending on the
amplitude and frequency of vibrations.
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